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The physical nature of a crack tip is not absolutely sharp but blunt with ﬁnite curvature. In this paper, the eﬀects of
crack-tip shape on the stress and deformation ﬁelds ahead of blunted cracks in glassy polymers are numerically investi-
gated under Mode I loading and small scale yielding conditions. An elastic–viscoplastic constitutive model accounting
for the strain softening upon yield and then the subsequently strain hardening is adopted and two typical glassy polymers,
one with strain hardening and the other with strain softening–rehardening are considered in analysis. It is shown that the
proﬁle of crack tip has obvious eﬀect on the near-tip plastic ﬁeld. The size of near-tip plastic zone reduces with the increase
of curvature radius of crack tip, while the plastic strain rate and the stresses near crack tip enhance obviously for two typ-
ical polymers. Also, the plastic energy dissipation behavior near cracks with diﬀerent curvatures is discussed for both
materials.
 2007 Elsevier Ltd. All rights reserved.
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In the conventional fracture mechanics, a crack tip is assumed to be absolutely sharp based on which elasto-
plastic fracture mechanics has been well established (Hutchinson, 1968; Rice and Rosengren, 1968). However,
McMeeking (1977) found the blunting of crack tip in hardening and non-hardening materials in the case of
ﬁnite deformation. Thereafter, an initially blunted crack with a circular arc tip is always adopted in numerical
analysis.
However, the tip of a crack is neither absolutely sharp nor circular, but of arbitrary shape with ﬁnite cur-
vature. Recently, the eﬀect of crack shape on the fracture of solids has attracted great interest. Nishida and
Hanaki (1994) and Damani et al. (1996) studied the eﬀect of notch root radius on the fracture toughness.
Picard et al. (2006) proposed a model to estimate the dependence of fracture toughness on the notch root
radius. Through a local asymptotic analysis, Smith (2004) investigated the eﬀect of crack shape on the linear0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2007.09.029
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and Elices (2006) analyzed the fracture loads of ceramic with round notches.
Polymer is being widely used in a number of critical engineering structures, such as automobiles, aircraft,
spacecraft, pressure vessels, pipes, etc. Modeling and predicting the failure behavior of these structures require
the basic knowledge of failure mechanisms of polymers. However, the deformation and fracture mechanisms
of polymers are much more complicated than those of metals, and the investigation is still in its infancy com-
pared to metals. The typical glassy polymers, such as PC, PMMA, PC-ABS blends, usually display large elas-
tic–viscoplastic deformation with strain softening and/or hardening, which induce the localization of plastic
deformation. The other two major characteristics of glassy polymers are shear yielding and crazing (Kambour,
1973, 1983; Kramer and Berger, 1990; Estevez et al., 2000; Tijssens et al., 2000; Wang et al., 2002, 2007). Shear
yielding is the plastic ﬂow localized in a shear band caused by the inherent strain softening after yield and the
subsequently strain hardening, and crazing is another mechanism underlying failure in glassy polymers. Both
of them are potentially dissipative but at diﬀerent scales (Estevez and van der Giessen, 2005). Therefore, inves-
tigation of near-tip plastic deformation and plastic energy dissipation is important to analyze the failure mech-
anisms of glassy polymers.
Lai and van der Giessen (1997) studied the plastic deformation ahead of a crack with circular arc tip in
glassy polymers. To consider the eﬀect of temperature, Basu and van der Giessen (2002) carried out a
thermo-mechanical study on the crack-tip ﬁeld in glassy polymers. Cheng and Guo (2007) investigated the
void growth and coalescence in polymeric materials. However, the eﬀect of crack shape on the near-tip ﬁeld
in glassy polymers is not clear up to now.
In the present paper, we investigate the eﬀect of crack shape on the near-tip stress and plastic deformation
ﬁelds in glassy polymers under Mode I loading and small scale yielding conditions. Two typical glassy poly-
mers are considered, one displays strain hardening, while the other exhibits strain softening–rehardening. In
Section 2, the constitutive equations of glassy polymers proposed by Boyce et al. (1988) and modiﬁed by Wu
and van der Giessen (1993) are introduced. The eﬀect of crack-tip shape on the near-tip stress, deformation
ﬁelds and plastic energy dissipation in two kinds of materials are discussed in Sections 3–5, respectively.
2. Statement of the problem
Usually, the tip of a crack is not absolutely sharp but blunt with ﬁnite curvature. Here, we use an elliptical
arc to describe the proﬁle of a crack tip, which may pre-exist and/or self-generate during deformation and is
more realistic than a mathematical sharp crack adopted in theoretical analysis or a circular arc used in pre-
vious ﬁnite element analysis. The schematic of the blunt crack and the Cartesian coordinate system (x1,x2)
are shown in Fig. 1. The origin of the coordinate system is at crack tip and x1-axis is along the surface of
the crack. The major and the minor semi-axes of the ellipse are a and b, respectively. The ratio a/b is used
to indicate the crack shape. Plane strain and small scale yielding conditions are assumed in analysis.x
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Fig. 1. Schematic of the asymptotic view of the blunted crack problem with elliptical crack tip and the Cartesian coordinate system.
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For glassy polymers, we adopt the elastic–viscoplastic model proposed by Boyce et al. (1988) and modiﬁed
by Wu and van der Giessen (1993). Only brief information of the model needed for understanding the present
work is introduced here, see Wu and van der Giessen (1993) for details.
The Eulerian strain rate D is decomposed intoD ¼ De þDp; ð1Þ
where De and Dp are the elastic and plastic parts of D, respectively.
It is assumed that the elastic strain remains small, and then the elastic strain rate is described by the hyp-
oelastic lawDe ¼ ‘1 rr; ð2Þ
where Jaumann derivativer
r ¼ _rWrþ rW ð3Þwith r and W being Cauchy stress and the continuum spin tensors, respectively, and ‘ the standard fourth-
order tensor of isotropic elastic moduli with Cartesian components‘ijkl ¼ E
2ð1þ mÞ ðdikdjl þ dildjkÞ þ
2m
1 2m dijdkl
 
; ð4Þwhere E and m are Young’s modulus and Poisson’s ratio, respectively.
The plastic strain rate tensor Dp is described byDp ¼ r
0ﬃﬃﬃ
2
p
s
_cp; ð5Þwhere_cp ¼ _c0 exp A sþ apð ÞT 1
s
sþ ap
 5=6" #( )
; ð6Þwhich is based on the well-known Argon model (Argon, 1973) proposed for polymers.
In Eq. (6), _c0 and A are material parameters, T is the absolute temperature, s is the current shear yield
strength of material, a is the pressure coeﬃcient and p is the hydrostatic stress. The current shear strength
s is assumed to evolve from its initial value s0 by_s ¼ hð1 s=sssÞ _cp; ð7Þ
where h is a material parameter characterizing the rate of softening and sss is the steady value of s. The expres-
sion of s iss ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2
r0  r0
r
; ð8Þwhere r0 is the deviatoric component of the following driving stress rr ¼ r b; ð9Þ
with b being the back stress tensor due to the strain hardening of material and being formulated in terms of its
principal plastic stretches ka,b ¼
X
a
baðepa  epaÞ; ba ¼ baðkaÞ; ð10Þwhere ba is the principal component of b on the unit principal direction and epa is the left plastic stretch
tensor.
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ponents ba can be depicted by the following combination of the classical three-chain network description and
the eight-chain model by Arruda and Boyce (1993)ba ¼ ð1 qÞb3-cha þ qb8-cha ; ð11ÞFig. 2. The ﬁnite element meshes (a) and partially enlarged meshes near crack tip (b).
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Fig. 3. Uniaxial stress and strain curves of materials A and B.
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ﬃﬃﬃﬃ
N
p
. Here, N is a
polymer-chain parameter, which determines the limit stretch kmax of a molecular chain as kmax ¼
ﬃﬃﬃﬃ
N
p
. The
principal back stress components are given byTable
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p
 
; k2c ¼
1
3
X3
a¼1
k2a; ð13Þwhere CR is a material constant and ‘1 is the inverse of Langevin function ‘(b) = coth(b)  1/b.
According to Wang and van der Giessen (2004), the dissipated plastic work can be expressed asW p ¼
Z t
0
Z
V
r : Dp dV dt ¼
Z t
0
Z
V
ﬃﬃﬃ
2
p
s_cp dV dt: ð14ÞPart of the plastic work rate r:Dp will be stored in the stretched molecular network.
The aforementioned constitutive model has been successfully used by Lai and van der Giessen (1997), Basu
and van der Giessen (2002), Wu and van der Giessen (1996) to predict many aspects of the plastic behavior of
glassy polymers observed in experiments. Here, it will be used to analyze the eﬀect of crack tip shape on the
near-tip ﬁeld in glassy polymers.2.2. Numerical implementation
In the present paper, we consider Mode I crack only. Due to the symmetry of the problem, as shown in
Fig. 1, we analyze the upper-half region in ﬁnite element calculation. The minor semi-axis b is chosen as
the reference length and ﬁxed to be 0.1 mm. Diﬀerent values of the major semi-axis a, e.g. 0.1, 0.4 and
0.8 mm are considered to alter the shapes of crack tip. The ratio a/b is taken as the shape parameter of crack1
al parameters (Lai and van der Giessen, 1997)
als m E s0 sss/s0 As0/T a h/s0 N C
R/s0
0.4 910 97 1.00 79.1 0.08 0.00 2.8 0.309
0.4 910 97 0.79 79.2 0.08 5.15 2.8 0.132
Fig. 4. Near-tip elastic normal stress along the symmetry plane for diﬀerent crack shapes.
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inance in the far ﬁeld. The ﬁnite element meshes and partially enlarged meshes near crack tip are shown in
Figs. 2(a) and (b), respectively.
To capture the fracture mechanisms in glassy polymers two typical glassy polymers are considered in anal-
ysis. Material A displays strain hardening and material B exhibits strain softening–rehardening after yield. The
uniaxial stress–strain curves are shown in Fig. 3 and the material constants are summarized in Table 1.
It is assumed that the plastic deformation is conﬁned to a limit region around the crack tip, which is much
smaller than the exterior radius of the region considered. Therefore, the small scale yielding condition is
adopted. The displacement ﬁeld described by the linear elastic K-ﬁeld solution is applied to the remote bound-
ary at r = R1,Fig. 5.u1 ¼ KIG
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Near-tip normal stress along the symmetry plane for diﬀerent crack shapes under K/K0 = 1.57. (a) material A and (b) material B.
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On the surface of the crack, traction free boundary condition is assumed, i.e.Fir12ðx1; 0Þ ¼ r22ðx1; 0Þ ¼ 0; for x1 < 0: ð17Þ
On the symmetry plane of the crack (x2 = 0), the displacement along axis x2 is constrained to be zero, i.e.u2ðx1; 0Þ ¼ 0; for x1 P 0: ð18Þ
Based on the constitutive model presented in Section 2.1 and the principle of virtual work, the quasi-static
ﬁnite element computations are carried out to obtain the near-tip stress and strain ﬁelds for the above men-
tioned fracture problem. Here, quadrilateral elements are adopted, each of which is composed of four linear
velocity, triangular sub-elements arranged in a ‘crossed triangle’ conﬁguration. With a proper aspect ratio and
orientation, these elements can reﬂect the plastic deformation near crack tip in polymers (Wu and van der
Giessen, 1996).
To show the initial yield zone and the subsequent development of the localized plastic zone, the contours of
instantaneous plastic shear rate _cp are shown and discussed in Section 4 for materials A and B, respectively, in
which the plastic strain rate is normalized by a strain rate quantity _C deﬁned by_C ¼ _K=K0; ð19Þ
where K0 ¼ s0
ﬃﬃﬃ
b
p
and _K ¼ 1:1 MPa ﬃﬃﬃﬃmp s1. All the coordinates are normalized by the reference root radius b.g. 6. Distribution of the near-tip equivalent stress in material A under K/K0 = 1.57. (a) a/b = 1, (b) a/b = 4 and (c) a/b = 8.
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Here, we present the elastic stress ﬁeld ﬁrstly. For the crack tips with diﬀerent shapes, the variation of
normal elastic stress along axis x1 is shown in Fig. 4. It is seen that the maximum normal stress occurs at
crack tip and decreases as the distance away from crack tip. Furthermore, with the increase of curvature
radius at crack tip, the normal stress at crack tip increases clearly, but the stress ﬁeld away from crack tip
seems to have little diﬀerences. In what follows, the eﬀect of crack tip proﬁle on the normal stress r22, von
Mises equivalent stress re and hydrostatic stress rm near crack tip will be discussed in details for two
typical glassy polymers, respectively. Except being specially emphasized, we adopt a load level of K/
K0 = 1.57.
The variations of normal stress r22 along the symmetry plane of the crack are shown in Figs. 5(a) and
(b) for materials A and B, respectively, in which three crack shapes indicated by diﬀerent values of a/b are
considered. It is seen from Fig. 5(a) that the maximum normal stress locates at crack tip and the near-tip
stress ﬁelds are distinctly diﬀerent for diﬀerent crack-tip shapes. The maximum stress enhances signiﬁ-
cantly with the increase of curvature radius at crack tip. Similarly, it is seen from Fig. 5(b) that the crack
shape has signiﬁcant eﬀect on the near-tip stress ﬁeld in the strain softening material. However, diﬀerent
from material A, a local peak appears at a certain distance ahead of crack tip in material B, which
denotes the boundary between elastic and plastic deformation. The maximum stress approaches to crack
tip and increases obviously as the curvature radius of crack tip varies from a/b = 1.0 to 8.0, which indi-Fig. 7. Distribution of the near-tip equivalent stress in material B under K/K0 = 1.57. (a) a/b = 1, (b) a/b = 4 and (c) a/b = 8.
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tip.
The eﬀect of crack shape on the distributions of equivalent stress ﬁelds in materials A and B are shown in
Figs. 6 and 7, respectively. It is readily seen from Fig. 6(a) that for circular crack tip (a/b = 1.0), the equivalent
stress near crack tip exhibits low value along the crack surface direction. With the increase of the curvature
radius of crack tip, e.g. a/b = 4.0 and 8.0, the equivalent stress becomes high at crack tip, as shown in Figs.
6(b) and (c), respectively. Similar to that in material A, the near-tip equivalent stress in strain softening mate-
rial B enhances with the increase of curvature radius of crack tip, as shown in Figs. 7(a)–(c), respectively.
However, the magnitude of equivalent stress near crack tip in material B seems to be smaller than that in mate-
rial A due to the strain softening behavior of material.
It is well known that craze initiation in glassy polymer is governed by the hydrostatic stress (Kramer and
Berger, 1990; Tijssens et al., 2000). For the three crack shapes, the distribution of hydrostatic stress near crack
tip in material A is shown in Fig. 8. For the crack with circular tip (a/b = 1.0), the maximum hydrostatic stress
appears at a certain distance ahead of crack tip. The value of maximum hydrostatic stress increases greatly and
its location moves toward crack tip as the curvature radius of crack tip increases (e.g. a/b = 1.0–8.0). Figs.
9(a)–(c) show the hydrostatic stress ﬁelds in material B for the three crack shapes. Similar conclusions can
be drawn as those in material A but in diﬀerent magnitude. Moreover, there is always a peak value of the
hydrostatic stress ahead of crack tip in material B due to the strain softening after yield, while it is absent
in material A for a very sharp crack tip.Fig. 8. Distribution of the near-tip hydrostatic stress in material A under K/K0 = 1.57. (a) a/b = 1, (b) a/b = 4 and (c) a/b = 8.
Fig. 9. Distribution of the near-tip hydrostatic stress in material B under K/K0 = 1.57. (a) a/b = 1, (b) a/b = 4 and (c) a/b = 8.
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It is of great interest to consider the eﬀect of crack shape on the near-tip deformation ﬁelds in materials A
and B. The near-tip plastic zones in material A under K/K0 = 1.57 are shown in Figs. 10(a)–(c) for three crack
shapes, respectively. It is seen that the plastic deformation is conﬁned to a small region around crack tip, and
the strain hardening behavior of material A tends to depress the plastic deformation near crack tip. With the
increase of ratio a/b from 1.0 to 8.0, the size of the plastic zone decreases clearly, especially along axis x2,
which results in the enhancement of stress concentration at crack tip.
Variations of the plastic strain rate in material B are shown in Figs. 11(a)–(c) for three crack shapes with a/
b = 1.0, 4.0 and 8.0, respectively, which are quite diﬀerent from those in material A. It is seen that the plastic
deformation in material B initiates from the crack surface and intersects at the symmetry plane of crack, which
is in consistent with those obtained by Lai and van der Giessen (1997).Moreover, it is interesting to note that the
crack shape has signiﬁcant eﬀect on the near-tip plastic deformation. The near-tip plastic zone shrinks gradually
in both x1 and x2 directions, while the value of the plastic strain rate increases greatly with the ratio a/b increas-
ing. It shows that the sharper the crack tip is, the more concentrated the plastic deformation near crack tip is.
5. Dissipated plastic energy Wp near crack tips with diﬀerent curvatures
The dissipated plastic energy Wp as deﬁned in Eq. (14) is closely related to the fracture toughness of solids
(Swadener and Liechti, 1998). Therefore, we calculatedWp for the cracks of diﬀerent curvatures in materials A
Fig. 10. Distribution of the near-tip plastic strain rate in material A under K/K0 = 1.57. (a) a/b = 1, (b) a/b = 4 and (c) a/b = 8.
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load, e.g. K/K0 < 1.0, the diﬀerence of plastic energy dissipation in material A is not so big as that in material B
with strain softening after yield, and the eﬀect of crack shape is not so clear for both materials due to the very
small plastic deformation at this load level. However, the dissipated plastic energy in material B becomes much
lager than that in material A with the increase of load, e.g. K/K0 > 1.0. This is because the strain hardening in
material A suppresses the extent of plastic deformation ahead of crack tip and therefore results in less fracture
toughness than that of material B.
Also, the eﬀect of crack shape on the dissipated plastic energy becomes evident with the increase of load, e.g.
K/K0 > 1.0. In both materials, the dissipated plastic energy for a sharp crack is less than that for a circular crack
owing to the reduced plastic zone for the sharp crack tip, as shown in Figs. 10 and 11. This means that sharp
crack will dissipate less plastic energy than circular crack, and may result in low fracture toughness as expected.
6. Conclusion
The eﬀect of crack-tip shape on the near-tip stress and plastic deformation ﬁelds in glassy polymers are
investigated numerically under the conditions of Mode I loading and small scale yielding. Two typical glassy
polymers are considered; material A displays strain hardening after yield and material B exhibits strain soft-
ening after yield and then progressive strain hardening. The ﬁnite element numerical results show that the
shape of crack tip has signiﬁcant eﬀect on the near-tip stress ﬁeld and plastic zone for both materials. The
near-tip plastic zone shrinks gradually in x2 direction with the increase of the curvature radius of crack tip,
while the value of the plastic strain rate increases greatly.
Fig. 11. Distribution of the near-tip plastic strain rate in material B under K/K0 = 3. (a) a/b = 1, (b) a/b = 4 and (c) a/b = 8.
Fig. 12. Variation of the dissipated plastic energy against the applied load for diﬀerent curvatures in materials A and B.
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increase signiﬁcantly as the curvature radius of crack tip increases. However, the near-tip hydrostatic stress
attains its local maximum value at a certain distance ahead of crack tip for the crack with small root curvature
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becomes sharp. The strain hardening in material A tends to depress the near-tip plastic deformation, and
results in a small size of plastic zone for sharp crack tip under the same loading.
For material B, the local maximum values of normal stress r22, equivalent stress and hydrostatic stress
locate at a certain distance ahead of crack with circular arc tip. With the increase of the curvature radius
of crack tip, the deformation localizes in an even small region near crack tip and the local maximum stresses
approach to the crack tip due to the subsequent strain hardening near crack tip. The shear bands initiate from
the crack surface and then intersect at the symmetry plane, and the values of the plastic strain rates near crack
tip are much higher than those in material A.
At low level of loading, the near-tip plastic deformation is very small, thus the plastic energy dissipation is
not quite diﬀerent in both materials, and insensitive to the crack shape either. However, at high level of load-
ing, the plastic energy dissipation in material B is much larger than that in material A, and the eﬀect of crack
shape becomes signiﬁcant. Under the same level of loading, sharp crack dissipates less plastic energy than cir-
cular crack.
Acknowledgements
This work was supported by NSFC (10672129 and 10602042), MOE doctoral fund and 973 program
(2007CB707702).
References
Argon, A.S., 1973. A theory for the low-temperature plastic deformation of glassy polymers. The Philosophical Magazine 28, 839–865.
Arruda, E.M., Boyce, M.C., 1993. A three-dimensional constitutive model for large stretch behavior of rubber materials. Journal of the
Mechanics and Physics of Solids 41, 389–412.
Basu, S., van der Giessen, E., 2002. A thermo-mechanical study of mode-I, small-scale yielding crack-tip ﬁelds in glassy polymers.
International Journal of Plasticity 18, 1395–1423.
Boyce, M.C., Parks, D.M., Argon, A.S., 1988. Large inelastic deformation of glassy polymers, part I: rate dependent constitutive model.
Mechanics of Materials 7, 15–33.
Cheng, L., Guo, T.F., 2007. Void interaction and coalescence in polymeric solids. International Journal of Solids and Structures 44, 1787–
1808.
Damani, R., Gstrein, R., Danzer, R., 1996. Critical notch-root radius eﬀect in SENB-S fracture toughness testing. Journal of the European
Ceramic Society 16, 695–702.
Estevez, R., Tijssens, M.G.A., van der Giessen, E., 2000. Modeling of the competition between shear yielding and crazing in glassy
polymers. Journal of the Mechanics and Physics of Solids 48, 2585–2617.
Estevez, R., van der Giessen, E., 2005. Modeling and computational analysis of fracture of glassy polymers. Advances in Polymer Science
188, 195–234.
Gomez, F.J., Elices, M., 2006. Fracture loads for ceramic samples with rounded notches. Engineering Fracture Mechanics 73, 880–894.
Hutchinson, J.W., 1968. Singular behavior at the end of a tensile crack in hardening material. Journal of the Mechanics and Physics of
Solids 16, 13–31.
Kambour, R.P., 1973. A review of crazing and fracture in thermoplastics. Journal of Polymer Science 7, 1–154.
Kramer, E.J., 1983. Microscopic and molecular fundamentals of crazing. Advances in Polymer Science 52, 1–56.
Kramer, E.J., Berger, L.L., 1990. Craze growth and fracture. Advances in Polymer Science 91, 1–68.
Lai, J., van der Giessen, E., 1997. A numerical study of crack-tip plasticity in glassy polymers. Mechanics of Materials 25, 183–197.
McMeeking, R.M., 1977. Finite deformation analysis of crack-tip opening in elastic–plastic materials and implications for fracture.
Journal of the Mechanics and Physics of Solids 25, 357–381.
Nishida, T., Hanaki, Y., 1994. Eﬀect of notch-root radius on the fracture toughness of a ﬁne-grained alumina. Journal of the American
Ceramic Society 77, 606–608.
Picard, D., Leguillon, C., Putot, C., 2006. A method to estimate the inﬂuence of the notch-root radius on the fracture toughness
measurement of ceramics. Journal of the European Ceramic Society 26, 1421–1427.
Rice, J.R., Rosengren, G.E., 1968. Plane strain deformation near a crack tip in a power law hardening material. Journal of the Mechanics
and Physics of Solids 16, 1–12.
Smith, E., 2004. A comparison of Mode I and Mode III results for the elastic stress distribution in the immediate vicinity of a blunt notch.
International Journal of Engineering Science 42, 473–481.
Swadener, J.G., Liechti, K.M., 1998. Asymmetric shielding mechanisms in the mixed-mode fracture of a glass/epoxy interface. Journal of
Applied Mechanics 65, 25–29.
Tijssens, M.G.A., van der Giessen, E., Sluys, L.J., 2000. Modelling of crazing using a cohesive surface methodology. Mechanics of
Materials 31, 19–35.
1100 H.-M. Li et al. / International Journal of Solids and Structures 45 (2008) 1087–1100Wang, G.F., van der Giessen, E., 2004. Fields and fracture of the interface between a glassy polymer and a rigid substrate. European
Journal of Mechanics A/Solids 23, 395–409.
Wang, T.J., Kishimoto, K., Notomi, M., 2002. Eﬀect of triaxial stress constraint on the deformation and fracture of polymers. Acta
Mechanica Sinica 18, 480–493.
Wang, T.J., Yin, Z.N., Wang, J.G., 2007. Mechanics for crazing in glassy polymers – a review. Advances in Mechanics 37, 47–66 (in
Chinese).
Wu, P.D., van der Giessen, E., 1993. On improved network models for rubber elasticity and their application to orientation hardening in
glassy polymers. Journal of the Mechanics and Physics of Solids 41, 427–456.
Wu, P.D., van der Giessen, E., 1996. Computational aspects of localized deformations in amorphous glassy polymers. European Journal
of Mechanics A/Solids 15, 799–823.
